The adoption of more efficient farming practices and technologies that enhance agricultural productivity and improve environmental sustainability is instrumental for achieving economic growth, food security and poverty alleviation in sub-Saharan Africa.
INTRODUCTION
Developing countries face the dual tasks of increasing agricultural productivity and ensuring sustainability of the resource base on which agriculture fundamentally depends. The usual means to achieve these goals are through public investments with financial support from government agencies or non-governmental organizations (NGOs).
Often, these investments take the form of incentives to adopt improved technologies, the argument being that growth in agricultural production should come from yield increases rather than area expansion (Eicher 1994 ). For most sub-Saharan African countries, adoption of more efficient farming practices and technologies that enhance agricultural productivity and improve environmental sustainability remains the most practical option for achieving economic growth, food security, and poverty alleviation.
The northern Tigray region of Ethiopia provides a recent example. Tigray is the most land-degraded state of Ethiopia, with seriously eroded and nutrient-deficient arid lands (Hurni 1993 ). The region is characterized by subsistence farm households raising predominantly cereal and vegetable crops for local consumption and sale. Crop production has declined during the last several decades due to the region's recurrent drought and heavy in-migration following recent civil wars. In response to these conditions, the government of Ethiopia initiated a major rural development program over 1 Lire Ersado is a Postdoctoral Fellow, International Food Policy Research Institute. 2 Gregory Amacher is an Associate Professor at Virginia Polytechnic Institute and State University. Organization is concerned that these new sources of standing water may increase the prevalence of water-borne diseases. Two such diseases, malaria and schistosomiasis, have historically been present in Tigray, but only seasonally during the rainy months (MUC 1994) . The presence of microdams has increased the prevalence of these ailments during the other seasons as standing water provides a conducive environment for disease transmission (MUC 1994; Lampietti 1999) . Both diseases are debilitating and, if contracted, will seriously affect a person's ability to work, resulting in lower productivity and more household time and resources devoted to taking care of sick family members.
These diseases may affect technology adoption decisions through their impacts on household time and income. Households may have fewer resources to invest in new technologies. Or they may not have the opportunity to learn about new technologies, given the financial constraints and reduced work time that increased disease brings.
Furthermore, farmers may view the technology decision as a sequential one, choosing to adopt one technology before another, given their need to balance income with demands of failing health. This important interaction between health and adoption behavior is missing from much of the development literature. In this paper we study the interaction of public investments, health, and technology adoption within the Tigray region.
Agricultural adoption has been studied extensively (see, for example, Griliches There has been some research in the area of "technology packaging," where many agricultural technologies are made available at a given time as a package (Lele and Goldsmith 1989) . Byerlee and Polanco (1986) observed that farmers often choose only part of a given technology package, as opposed to the whole, and that they generally followed a stepwise process of adopting different pieces even though the components were strongly complimentary. Leathers and Smale (1991) present a theoretical model showing it can be rational for imperfectly informed farmers to undertake stepwise adoption, even when farmers are risk neutral and the entire package would be more profitable if adopted. Others have used conceptual models to identify profitability, riskiness, uncertainty, lumpiness of investment, and institutional constraints as possible explanations for sequential adoption (see Ghadim and Pannell 1999; Feder and Slade 1984) .
Although this literature is extensive, little attention has focused on the effects of health on adoption. No work we are aware of addresses how technology adoption depends on the incidence of disease or health-related labor time adjustments. Furthermore most previous empirical studies in developing countries have assumed that farmers do not view the timing of technology adoption as important. These are the issues we focus on in this study. As we will demonstrate, health effects and the sequential nature of adoption are critical for the future packaging of technologies and water development projects in countries where water-borne diseases pose threats to the population. technologies were adopted, so that ordering could be identified.
THE CASE OF NORTHERN ETHIOPIA
Descriptive statistics are presented in Table 1 for control and intervention villages. The average age of microdams is 5 years, although ages range from 1 year to 15 years old. Households in intervention villages appear more likely to engage in irrigation technologies and use improved stoves, compared to those living in control villages. Microdams also appear to be located where access to health centers is better, as the distance to health centers is on average two kilometers closer for intervention villages than control villages. reported being sick in our sample indicated that they were suffering from malaria or schistosomiasis-related ailments.
The prevalence of disease appears higher in intervention villages. Not surprisingly, the time household females spend at home caring for sick family members is three times higher in microdam areas than in control villages, which suggests there is a connection between disease and dams. Notice also that medical expenses are twice as high in these locations.
Hired labor use by households is greater in intervention areas. Fuelwood collection appears twice as high in control areas, perhaps because the opportunity cost of shifting labor away from crop production is lower there given that family members are less likely to become sick, or the decreased time females spend caring for sick family members frees them to engage in greater fuel collection and cooking activities.
ECONOMETRIC MODEL
While sequential adoption and the impact of health on adoption could be treated as separate issues, we anticipate that sequencing is a better approach of modeling technology adoption behavior for resource-poor farmers in disease-prone areas such as Tigray. Ignoring whether farmers view technologies as pieces, adopted sequentially, may lead to inconsistent estimation of the effects of household characteristics on adoption.
For example, a non-sequential adoption model would treat a bundle of two technologies adopted at different times as a single alternative, whereas a sequential model would rely on treating the bundle as two different choices depending on which technology was adopted first (see Figure 1 ).
Our econometric specification takes into account the sequencing of technology adoption choices. We use a multinomial logit (MNL) model and explicitly allow for the fact that farmers may view adoption of one technology before another as a choice that is distinct from adopting in another sequence or adopting all technologies in the package.
Assume the utility of household i choosing technology j U ij is a linear stochastic function of exogenous household characteristics X and endogenous household choices Z:
Assuming the errors ε ij are independently and identically distributed with an extreme value distribution, the probability that alternative j is chosen from n alternatives can be represented by an MNL function (McFadden 1981):
Several econometric issues need to be addressed before estimation and analysis of the adoption model. As Table 1 demonstrates, our data consist of household-based characteristics and choice variables. Exogenous variables include the market wage for hired labor, which reflects the opportunity cost of household time when labor markets are well defined, as they are in Tigray. However, home health care labor is an activity for which the household's own labor is preferred. A suitable wage rate is therefore not observed for this activity. Instead, the appropriate opportunity cost for home health care labor is an implicit wage that is a function of household characteristics and preferences.
This cost can be estimated using a shadow wage rate (Thornton 1994; Jacoby 1993 ).
Following Thornton and Jacoby, an agricultural production function was estimated, and then the lost marginal value product of time spent caring for sick members was calculated based on these estimates and time spent caring for the sick. The marginal value product is the shadow wage rate for males and females and serves as an instrument for the unobserved opportunity cost of male and female home health care time when estimating our model.
Other variables used, such as household labor and sick time, rental land holding and household income, are likely to be endogenous. Endogeneity arises because some of these variables represent household choices that could be correlated with the error in the adoption model. Similarly, time sick and income could be affected by adoption decisions and vice versa. In place of actual female and male hours worked, we use market wages for market labor activities and predicted shadow wages for household health care labor.
Instead of total income, we use only a non-labor component of household income. This is unrelated to household production activities and composed of income households receive from non-labor activities and outside sources such as transfers and remittances from family members and relatives.
The endogeneity of time sick and rented landholding is addressed by using instrumental variables, where a predicted value of each variable is first estimated using a regression of the endogenous variable on all exogenous variables and suitable instruments. Then, the prediction is used in place of the endogenous variable when the adoption models are estimated. 4 This approach requires that appropriate instruments exist, i.e., the instruments employed are relevant (Bound, Jaeger, and Baker 1995) and conditions for identification hold (Davidson and MacKinnon 1993) . We use the land rental fee as an instrument for rented land holdings. The average age of children, adult male and female members of the household, and distance to health center are used as instruments for adult and child time sick variables. These instruments are assumed to have a direct impact on time sick but only affect household technology adoption decisions through their impact on illness. The age of children is related to disease incidence but has no plausible direct association with adoption outcomes.
We employ several tests to examine the validity of our instrumental variables estimation (see Table 2 ). Finally we accommodate heteroskedasticity of unknown a priori form (White 1980 ; Greene 1995), and adjust standard errors to account for our two-stage sampling procedure, given that villages were stratified according to proximity to microdams. This allows for robust estimation in cases where multi-stage sample designs are used (see Deaton 1997 ).
TESTS FOR SEQUENTIAL ADOPTION
In this section we outline two tests for sequential adoption behavior. First, we employ a likelihood ratio test to determine whether MNL models based on sequential and nonsequential choices are equivalent. Secondly, we perform a Wald test on the null hypothesis that the coefficients of the two sequential choices (j = 4,5) are equal.
Rejection of the null hypothesis will suggest whether farmers view the sequencing of one technology before the other as distinct from the opposite order.
If sequencing is ignored, the adoption model for Tigray includes only four alternative choices, j = 0, 1, 2, 3 (see Figure 1) . This implies the last two sequential alternatives (j = 4, 5) can be lumped with (j = 3) into a single choice. We can therefore undertake a likelihood ratio test by ignoring the timing of adoption and re-estimating the restricted model with just four alternatives. If the sequential model does not outperform the non-sequential one, then sequencing is irrelevant and there is no gain by incorporating the timing of adoption choices.
5 Table 2 presents the likelihood ratio test for sequential adoption. The likelihood ratio test lends strong evidence against the restricted model (p-value = 0.0001), indicating that sequential adoption characterizes Tigray farmers' behavior. It confirms that a model accommodating sequential adoption will have better explanatory power than the traditionally estimated adoption models, which rely on lumping technology choices adopted at varying times into single alternative.
Result for the Wald test is also reported in Table 2 . We reject the null hypothesis that the coefficients of sequential choices (j = 4, 5) are equivalent (p-values = 0.001).
This implies that households in the study area indeed view the choice of (j = 4) different than that of (j = 5). Clearly, ordering is important in our sample. 
EXPLAINING ADOPTION CHOICES
We now turn to studying how the choice between alternatives in figure 1 depends on household and resource characteristics. Table 3 presents the results of the MNL estimation. Included are estimated coefficients and marginal probabilities for all choices.
The marginal probabilities measure the expected change in the probability of a particular choice being selected with respect to a unit change in an independent variable (see Greene, 1995) . Note that the sum of marginal probabilities with respect to a particular explanatory variable must equal zero, since the effects on mutually exclusive decisions must cancel out. This implies that, as an increase in a particular characteristic variable increases the adoption rate for some bundles, the adoption rate must decrease for others in the set of possible choices.
6 Please refer to Ersado et.al (2002) for the analysis of the impact of microdams on health. Note: The estimates of standard errors are adjusted for stratified two-stage sample design. The marginal probabilities are reported for all adoption choices including 'no adoption' (j = 0), unlike the coefficient estimates for which 'no adoption' is a normalized category in order to identify the MNL model parameters. a (j = 0) ≡ Farmers with 'no adoption' of either technology (j = 1) ≡ Farmers with adoption of Productivity-Enhancing (PE) technology only (j = 2) ≡ Farmers with adoption of Resource-Conserving (RC) technology only Note: The estimates of standard errors are adjusted for stratified two-stage sample design. a (j = 4) ≡ Farmers who adopted PE technology followed by RC technology (j = 5) ≡ Farmers who adopted RC technology followed by PE technology
Many of the explanatory variables are statistically significant at a 10% significance level or less and had expected signs in most adoption choice equations.
Household head education is positively related to adoption of the PE technology;
however, education has an even stronger influence on sequential adoption of both technologies (see the marginal effects of household head education under (j = 4) and (j = 5) in Table 3 Household exogenous income plays an important role in adoption decision. Households with higher non-labor incomes are less likely to adopt individual technology components separately; rather they choose the adoption of both technology types in sequential fashion. Recall this was one reason for sequential adoption behavior discussed earlier.
The marginal probabilities of predicted female and child sick time (the number of hours spent sick and not working) show that sickness has a significantly negative effect on adoption of all technology choices (see Table 3 ). Higher cost for health care in terms of time spent taking care of sick family members, as measured by the shadow wage for male health care labor, implies that households with sick members are less likely to adopt both technology components. These findings show that household labor time sick, and opportunity costs incurred caring for the sick, significantly affect technology adoption.
Note that time sick has a more pronounced negative effect on the adoption of productivity-enhancing technologies that usually tend to be more labor intensive. Projects programs. Greater access to healthcare and market centers will make farmers more likely to adopt both technology components, albeit in a sequential fashion. This result reinforces our motivation for accommodating sequential adoption. Farmers who decide to adopt a certain technology package would probably prefer to experiment with the components before fully committing to adopting the whole package. Finally, education also is consistently significant in all of the adoption choices. Increasing the awareness among farmers of new technologies will likely increase adoption rates.
SUMMARY AND CONCLUSIONS
Our study examines technology adoption decisions of farmers in the Northern state of Tigray, Ethiopia. Microdams in Tigray improve irrigation possibilities but also may reduce health of the population through increased water borne diseases. This may make simultaneous adoption of many technology packages infeasible, as poor health reduces income and increases time household labor must stay at home caring for the sick.
These latter effects may reduce adoption incentives and also lead farmers to adopt technologies in a sequence.
Our empirical tests demonstrate strong evidence supporting the importance of accounting for sequential adoption. The most striking aspect of our study is examining the importance of health on adoption behavior. Sickness significantly reduces the likelihood of technology adoption. Households with poor health and high opportunity costs of diverting labor to health care activities appear less likely to adopt productivity enhancing as well as resource conserving technologies. Health care provision is especially critical in Tigray, because malaria and schistosomiasis are now feared to be perennial problems due to construction of microdams by the government during the past two decades.
We also find that microdams have some positive influences. Older and nearer microdams are correlated with higher adoption levels, perhaps because of improved irrigation possibilities. However, the positive effect on adoption of technologies due to these irrigation opportunities is partially offset by the negative health side effects.
This work has significant policy implications. 
